Introduction {#sec1}
============

Pathogenic bacteria cause millions of infections annually. Billions of dollars are spent on decontamination of equipment and cleaning of tubes, pipes, or ship hulls.^[@ref1]−[@ref5]^ However, it is still unclear how to reliably prevent the irreversible attachment of bacterial cells to surfaces.^[@ref6]^ An improved understanding of cell--substratum interactions is required to tackle this question.^[@ref7]−[@ref10]^ Research focuses on the investigation of both the chemical and physical factors finding a major division into two main groups: biocidal (killing) strategies,^[@ref11],[@ref12]^ and antifouling, which can be either chemical or physical-based (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf) for bacterial adhesion details). We demonstrate that irregular 3D structures with submicrometer spacings can also greatly suppress bacterial adhesion.

For a long time, killing bacteria in close distance to surfaces^[@ref13]^ by releasing antibiotics or biocides was considered the all-encompassing remedy. However, this approach suffers from limitations such as increasing bacterial resistances^[@ref14]−[@ref16]^ and toxicity of the substances.^[@ref17]−[@ref19]^ Among the antibiofouling (not biocide-releasing) chemical strategies, different nontoxic polymers have been tested, including polyethylene glycol, polyethylenimine, or dextran.^[@ref20]−[@ref24]^ Various surface-tethered polymers with antimicrobial groups have been exploited in biomaterials and biomedical devices.^[@ref6],[@ref25]^ Notwithstanding, this route can be affected by insufficient durability of the coating or reduced efficiency due to the accumulation of contaminants and/or oxidative degradation.^[@ref26]^

Physical strategies to delay bacterial adhesion based on properties such as electrostatic interactions,^[@ref27]−[@ref29]^ roughness,^[@ref30]−[@ref33]^ superhydrophobicity,^[@ref34]−[@ref37]^ and lubricant-impregnated surfaces^[@ref21],[@ref38]^ have been investigated. Hasan et al. summarized representative investigations on the use of micrometer- and submicrometer-sized patterned surfaces to minimize bacterial adhesion.^[@ref11]^ For example, a reduced bacterial adhesion was reported for a surface coated with micrometer-sized colloids. It was related to unfavorable cell bending on the curved colloids.^[@ref26],[@ref39]^ The results reported for micro- and nanometer-sized rough coatings are still controversial. Many works on the enhanced bacterial adhesion of rough surfaces can be found, which is explained by a larger anchoring area.^[@ref30],[@ref40]−[@ref42]^

Surface physical modifications have been developed, resulting in surface features analogous to those found in nature. For example, the surfaces of cicada wings are not only antiadhesive but even bacteria-killing. Ivanova et al. attributed this behavior to deformation stresses within the bacteria caused by the topography of the surface with a nano- or microstructure capable of piercing the membrane, thereby destroying the cell wall and killing the bacteria. However, dead bacteria can serve as anchoring points for living ones.^[@ref43]^

Another attractive route in the development of antiadhesive and self-cleaning materials focuses on nature-inspired liquid-repellent surfaces. Several groups investigated whether superhydrophobicity inhibits^[@ref34],[@ref44]^ or promotes biofilm formation.^[@ref37],[@ref45],[@ref46]^ Superhydrophobic surfaces are characterized by an entrapped air layer. It causes the bacterial suspension to partially rest on an air cushion and partially on low-energy protrusions. Lately, a few reports convincingly showed that the loss of an air cushion could cause a significant increase in bacterial adhesion.^[@ref47]−[@ref49]^ Often, superhydrophobic model surfaces were designed using micropillar arrays, i.e., coatings showing characteristic length scales exceeding the size of the bacterium. Indeed, on micropillar arrays, bacteria can adhere well, as they can lay flat on the top faces or align parallel to the side walls.^[@ref50]^

In summary, the relationship between topography, wettability, and functional coatings with antimicrobial groups is still under discussion.^[@ref51],[@ref52]^ How can bacterial adhesion be further delayed by well-tuned roughness? In contrast to most strategies focusing on roughness, we aim to investigate the influence of an irregular 3D roughness where the characteristic length scales fall just below the size of bacterial cells. Here, we demonstrate that for preventing biofilm formation and growth, surface structures with submicrometer length scale and 3D topography can greatly suppress bacterial adhesion over the tested long exposure times (up to 168 h). Indeed, surface roughness can outweigh the wetting properties of the surface.

Methods {#sec2}
=======

Materials {#sec2.1}
---------

The following chemicals were used to fabricate the solid substrates: trichloromethylsilane (TCMS, 99%, Sigma-Aldrich), 1*H*,1*H*,2*H*,2*H*-perfluorodecyltrichlorosilane (PFDTS, 96%, Alfa Aesar), *n*-hexane (99.99%, Fisher Chemical), toluene (99.99%, Fisher Chemical), ethanol (absolute, 99.96%, VWR Chemicals), SU-8 305 photoresist (Microchem), mr-Dev 600 developer (micro resist technology). Reagents were used as received. Thin glass slides of 24 × 60 mm^2^ and 170 ± 5 μm thickness were obtained from Menzel-Gläser or Carl Roth GmbH (thickness: 170 ± 5 μm) and a flow cell from Nunc Lab-Tek (Thermo-Fisher Scientific, Germany). Water with a typical resistivity of 18.2 MΩ cm was obtained from a Sartorius Arium 661 VF Water Purification System.

Stellar Competent bacteria (an *E. coli* HST08 strain, Cat. Nr. 636763) were purchased from Clontech (USA). The 5429 bp long plasmid EGFP-pBAD (Cat. Nr. 54762) was obtained from Addgene (USA). The Plasmid *Plus* Maxi Kit (Cat. Nr. 12963) was purchased from Qiagen (NL). The culture medium, LB (lysogeny broth) medium, supplemented with ampicillin (Cat. fas-am-b) as well as LB-based agar supplemented with ampicillin (Cat. fas-am-s) were purchased from InvivoGen (USA). Phosphatebuffered saline (PBS) was obtained from Gibco (USA). Glutaraldehyde 25% was purchased from Sigma-Aldrich (USA). A *Bac*Light Live/Dead Bacterial Viability Kit (L-7007, Molecular Probes) comprising propidium iodide 18.3 mM and SYTO9 1.67 mM nucleic acid fluorophores in DMSO solution was obtained from Invitrogen (USA). Super optimal broth with catabolite repression (SOC) medium was purchased from Sigma-Aldrich (USA). Gram-positive *Micrococcus luteus* (DSM 20030) and Gram-negative *Pseudomonas fluorescens* Migula 1895 (DSM 4358) were purchased from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cells Collection.

Surface Preparation and Characterization {#sec2.2}
----------------------------------------

### Glass Slides {#sec2.2.1}

To fluorinate the glass slides, we mixed 50 μL of PFDTS with 100 mL of *n*-hexane. Glass slides were cleaned with acetone and were subsequently activated by oxygen plasma under 300 W for 5 min. The plasma-activated glass slides were immersed in the solution for 30 min. Subsequently, the glass slides were rinsed with *n*-hexane. The cleaned glass slides were dried under a nitrogen stream.

### Silicone Nanofilaments {#sec2.2.2}

To coat surfaces with silicone nanofilaments, we immersed plasma-activated glass slides into a mixture of toluene (100 mL) with trace amounts of water (∼180 ppm) and trichloromethylsilane (0.5 mL). A spontaneous hydrolysis reaction of trichloromethylsilane with the hydroxyl groups on the glass surface induced the formation of silicone nanofilaments. After a reaction time of 5 h, the glass slides were covered by a 1--2 μm thick layer of nanofilaments. To render them superhydrophilic (OH-NF), we activated the as-prepared superhydrophobic methyl-terminated nanofilaments (Me-NF) by oxygen plasma (2 min, 120 W). Some of the hydrophilized nanofilament-coated glass slides were fluorinated. Therefore, the coated slides were immersed into 100 mL of hexane containing 50 μL of 1H,1H,2H,2H-perfluorodecyltrichlorosilane for 30 min (F-NF).

### SU-8 Pillars {#sec2.2.3}

SU-8 micropillar arrays were prepared on thin glass slides by photolithography, as previously reported.^[@ref53],[@ref54]^ The round pillars were designed to be 5 μm high with 314 μm^2^ top areas. The pillar--pillar distance between the centers of two adjacent pillars in a row was 10 μm. The fabrication process consisted of the following steps. First, glass slides were cleaned by acetone and were subsequently activated by oxygen plasma under 300 W for 5 min. SU-8 photoresist was then spin-coated (500 rpm for 5 s followed by 3000 rpm for 30 s, SÜSS MicroTec) on the glass slides. The coated glass slides were heated at 65 °C for 3 min, 95 °C for 10 min, and then at 65 °C for 30 min, respectively. Subsequently, the samples were slowly cooled down within 2 h and exposed to UV light (mercury lamp, 350 W) under a photolithography mask for 14 s (masker aligner SÜSS MicroTec MJB3 UV400). To cross-link the photoresist, the samples were heated at 65 °C for 1 min, 95 °C for 3 min and 65 °C for 30 min, and then cooled down slowly. Next, the samples were immersed in the SU-8 developer solution for 6 min, washed with isopropanol and deionized water, and then dried in air. The dried samples were immersed in a 0.1 M NaOH solution overnight to hydrolyze the surfaces of the SU-8 pillars. After rinsing the hydrolyzed surfaces with water and ethanol, the samples were immersed in a solution containing 50 μL of PFDTS dispersed in 100 mL of *n*-hexane for 30 min to lower the surface energy. Finally, the fluorinated SU-8 micropillar surfaces were rinsed with *n*-hexane and dried under a nitrogen stream.

### Establishing of eGFP-Expressing *E. coli* {#sec2.2.4}

Stellar Competent bacteria were stored at −80 °C until usage. The bacterial stock (in stab culture format) contained the 5429 bp long plasmid EGFP-pBAD. Plasmids were isolated using the Qiagen Plasmid *Plus* Maxi Kit according to the manufacturer's protocol. For transformation, Stellar Competent bacteria were thawed in an ice bath for 30 min. All of the following steps were carried out in 1.5 mL microcentrifuge tubes. Five ng of EGFP-pBAD plasmid DNA was added directly into the bacterial suspension and mixed gently. The vials were again incubated for 30 min on ice. The cells were then heat-shocked for exactly 45 s at 42 °C. The tubes were placed on ice for another 2 min. Afterward, SOC medium was added to a final volume of 500 μL, and the tubes were incubated for 1 h at 37 °C and 300 rpm. Finally, 100 μL of bacterial suspension was plated on agar plates containing ampicillin (100 μg/mL) and incubated overnight at 37 °C. The next day, a single bacterial colony was picked and transferred to the LB medium containing 100 μg/mL ampicillin and incubated for 2 h at 37 °C and 300 rpm. To induce the P~BAD~ promotor for eGFP expression, [l]{.smallcaps}-arabinose was added to a final concentration of 0.1% in the LB medium. After another incubation of 1 h at 37 °C and 300 rpm, cells exhibited a bright GFP signal. Bacterial cells were subsequently analyzed via confocal laser scanning microscopy or SEM. The value of OD~600~ for eGFP-expressing *E. coli* was controlled within 0.13 (1.0 × 10^8^ cells/mL) to 0.15 (1.2 × 10^8^ cells/mL).

### Culture Preparation of Freeze-Dried Bacteria (*Pseudomonas fluorescens*) and Active Culture {#sec2.2.5}

Gram-negative *P. fluorescens* Migula 1895 freeze-dried lyophilized cells isolated from raw milk for cheese production were rehydrated in special trypticase soy broth (TSB) medium for fluorescence (15 g of trypticase soy broth, 500 mL if distilled water, pH 7.3, autoclaved for 15 min at 121 °C) for 30 min and inoculated on agar plates. This allowed active colonies to grow under specified conditions. For surface incubation experiments, single colonies were extracted, transferred to liquid medium, and incubated overnight at 300 rpm under 30 or 28 °C. Gram-positive *M. luteus* was obtained as an active culture on agar plates. Upon receiving, culture was transferred to fresh medium 1 (2.5 g of peptone, 1.5 g of meat extract, 500 mL of distilled water, pH 7) and incubated at 30 °C for 24 h at 300 rpm.

### Agar Plate Test {#sec2.2.6}

The bacterial suspensions used in this part of the work were prepared as follows. The *E. coli* (Stellar Component) bacteria suspended in LB (lysogeny broth) medium mother broths were harvested with sterilized micropipette tips and resuspended in 5 mL of LB medium contained in sterile 15 mL Falcon tubes. These suspensions were subsequently incubated in an orbital shaker (Eppendorf Thermomixer Comfort Type 5355, Eppendorf AG, Hamburg, Germany) at 37 °C and 300 rpm for a period of 24 h to a bacterial concentration of 1.0--1.2 × 10^8^ cells/mL, corresponding to an optical density (OD~600~) of 0.13--0.15. The bacterial concentrations were checked with the help of turbidimetry using a standard photometer (Eppendorf BioPhotometer, Eppendorf AG, Hamburg, Germany). An amount of 1 mL of the bacterial suspension has been gently applied to the sample surfaces contained in the chambered glass and then incubated in an incubating cupboard (Memmert UM 200, Memmert GmbH + Co. KG, Schwabach, Germany) at 37 °C for 1 week (168 h). Half of the amount of growth medium has been removed and replaced by an equal amount of fresh LB medium daily. Following incubation, the bacterial suspension was removed, and planktonic/nonadherent bacteria were removed by three cycles of gently rinsing the sample surfaces with sterile phosphate-buffered saline (PBS 1×).

Subsequently, the sample surfaces were manually removed (using sterilized tweezers) from the chambered glass and placed into sterile 15 mL Falcon tubes containing 5 mL of sterile PBS 1×. Subsequently, they were subjected to 5 min of sonication at 35 kHz and 120 W (SONOREX RK31, BANDELIN electronic GmbH & Co. KG, Berlin, Germany), followed by 20 s of vortexing to remove the adhered bacteria and to achieve a homogeneous distribution of bacteria. Sonication and vortexing have been repeatedly applied in other works and inherently constitutes a trade-off between detaching/declumping of bacterial aggregates and killing of the bacteria considered. To ensure a countable number of colonies, rows of serial dilutions containing sterile PBS 1× of the recovered liquid were prepared with a dilution factor of 10 for each dilution step (dilutions up to a dilution factor of 10^4^ were prepared). Aliquots of a volume of 20 μL (in duplicates) were spread onto LB agar plates with the help of flame-bent Pasteur pipets and were then incubated upside-down for 24 h at 37 °C (Memmert UM 200, Memmert GmbH + Co. KG, Schwabach, Germany). Following the incubation of the agar plates, the number of colonies was counted by visual inspection or with the help of the open-source image processing software ImageJ/Fiji.^[@ref55]^ The number of counted colonies (CFUs = colony-forming units) was then converted to the number of colony-forming units (CFU) per milliliter (CFU):

### Scanning Electron Microscopy (SEM) {#sec2.2.7}

Surfaces exposed to bacterial media were imaged by SEM (LEO 1530 Gemini, Zeiss, 3 kV) to measure the covered surface area. To prepare the samples for SEM investigations, after 72 h or 168 h long incubation periods, we removed the culture medium, and the samples were washed with a phosphate buffer solution (PBS, 1 mL, 3 times). Adhered bacteria were then fixated, adding a 2.5% (v/v) glutaraldehyde with PBS-based solution reagent for 30 min at room temperature. The fixative was afterward removed, and remaining material was washed by thorough rinsing with subsequent volumes of buffer solution. The fixated bacteria were dehydrated by successive ethanol soaking (i.e., soaking in water--ethanol mixtures, 25, 50, 60, 75, 80, 90, and 100% (v/v), 15 min each, last step twice). To increase the imaging contrast, the dried surfaces were sputter-coated with 5 nm of Pt (BalTec MED 020 Modular High Vacuum Coating System, argon at 2 × 10^--2^ mbar and 45 mA).

### Laser Scanning Confocal Microscopy (LSCM) {#sec2.2.8}

Coatings were prepared on coverslips and mounted on flow cells. Attachment of bacteria over time was imaged with an inverted laser scanning confocal microscope (LSCM Leica TCS SP8 SMD) which allows recording images with a lateral resolution of approximately 500 nm and an axial resolution of 1 μm for an HCX PL APO 40 × /1.1 (water immersion objective). *E. coli* were treated with [l]{.smallcaps}-arabinose to express GFP, which can be excited using the argon line at 488 nm The contact angles were determined from the LSCM images. Therefore, a tangent was aligned to the drop shape, and the angle at the intersection of the tangent with the surface was measured.

### Data Evaluation of Bacteria Coverage Area {#sec2.2.9}

For high-resolution imaging of individual bacteria or colonies, we used SEM. For comparison, LSCM images were investigated. The mean area coverage and the standard deviation of this value were calculated. In [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf), original LSCM data (left, green) and recognized bacteria areas (right, cyan) are shown. Areas consisting of bacteria were semiautomatically detected by manually setting a threshold and subsequently using the *AnalyzeParticles* Plugin in ImageJ/Fiji.^[@ref55]^ This procedure allows defining a threshold for bacteria recognition directly. In [Figure S5--S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf), examples of recognized bacteria areas for SEM images are shown. To prevent noise from contributing to the detected area, we applied background subtraction before thresholding to correct for an inhomogeneous background.

### Data Statistical Analysis {#sec2.2.10}

Experimental data are plotted, including a mean value and standard deviation (±), using a one-way ANOVA analysis of variance as the statistical method to calculate the significance of the difference. Statistical significant differences are expressed in the figures as follows: \* for *p* \< 0.05, \*\* for *p* \< 0.01, and \*\*\* for *p* \< 0.001.

Results and Discussion {#sec3}
======================

To investigate the influence of surface topography and surface wettability (chemistry and presence of an air cushion), three types of structured surfaces were incubated with bacterial suspensions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [Methods](#sec2){ref-type="other"}): (I) Flat perfluorinated glass (F-glass) served as hydrophobic control surface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c). (II) Superhydrophobic perfluorinated micropillar arrays (F-pillar, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d--f) were used as reference surfaces, possessing microscale roughness. (III) Glass substrates coated with silicone nanofilaments^[@ref56]−[@ref58]^ (NF) show submicroscale roughness ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g--o). Surfaces coated with nanofilaments enabled the investigation of the surface chemistry and surface wettability under otherwise identical conditions. First, superhydrophobic methyl-terminated nanofilaments (Me-NF) and perfluorinated nanofilaments (F-NF) were prepared. The role of the air cushion was investigated by enforcing wetting of the nanofilaments prior to the deposition of the *E. coli* solution (F-NF, no air). The fully wetted Wenzel state can also be obtained by activating the methyl-terminated filaments by oxygen plasma (OH-NF).

![(a, d, g) Schemes of bacteria (green) attaching on (a) flat surface, (d) SU-8 micropillar arrays, and (g) surface coated with silicone nanofilaments. For simplicity, the bacteria are drawn straight. (b, e, h) Corresponding scanning electron microscope (SEM) micrographs of the surfaces are displayed in gray (scale bar, 10 μm). (c, f, i, l--o) Wetting properties were investigated by laser scanning confocal microscopy (LSCM) using an inverted microscope (Leica TCS SP8 SMD) and a 40× water immersion objective. Red, dyed medium for bacteria cultivation; blue reflection of light from the glass, culture medium; and air, culture medium interface; black, air, glass substrate, or coating (scale bar, 25 μm). (j, k) Cross-section SEM image and top view of a nanofilament-coated sample (dcale bar: 1 μm).](am9b22621_0001){#fig1}

The cylindrical micropillars were 5 μm in height, 13 μm in diameter, and pillar--pillar distance of 20 μm.^[@ref54],[@ref59]^ For comparison, pillars having an identical height but a diameter of 5 μm and a pillar--pillar distance of 10 μm were investigated. The micropillars were arranged on a 170 μm thick glass slide and successively fluorinated to render them superhydrophobic ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d--f.)

Glass slides were coated with silicone nanofilaments (see [Methods](#sec2){ref-type="other"})^[@ref58]^ rendering filaments of approximately 50 ± 11 nm diameter. In a few places, approximately 100 nm thick nanofilaments had formed. The reaction time determines the length of the filaments and, thus, the thickness of the coating. However, so far we are not able to fine-tune the characteristic length scales by varying the reaction parameters. The flexibility of the nanofilaments is likely the cause of the high mechanical robustness of surfaces coated with nanofilaments.^[@ref35]^ Even under outdoor conditions the nanofilaments did not lose their 3D irregular topography or liquid repellency.^[@ref60]^ Without further treatment, these methyl-terminated silicone-nanofilaments (Me-NF) are superhydrophobic. They become superhydrophilic (OH-NF) after oxygen plasma activation. To investigate the influence of the air cushion, we compared the adhesion of bacteria on fluorinated nanofilaments (F-NF) surrounded by air with the adhesion of bacteria on fluorinated nanofilaments that were in the fully wetted Wenzel state. The latter can be achieved by first prewetting the filaments with ethanol. Because of its low surface tension γ = 0.022 N/m, ethanol wets the fluorinated nanofilaments.^[@ref61]^ To avoid residues of ethanol on the prewetted surfaces, the prewetted surfaces were rinsed with the LB medium (growth medium) three times to remove residuals of ethanol. Care was taken that the surface remained fully wetted during these and the following steps to ensure that the solution remained in the fully wetted Wenzel state.

The wetting properties of the surfaces were quantified using the culture medium ([Methods](#sec2){ref-type="other"} for details on the preparation). Because of the higher accuracy, we measured receding contact angles (θ~rec~) of a 6 μL drop of the culture medium on the different surfaces using an inverted laser scanning confocal microscope (LSCM), [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf). The dyed culture medium appears red, whereas the air and the substrate appear black. A 6 μL sized droplet of the culture medium showed receding contact angles of θ~rec~ = 91° ± 4 on the fluorinated glass, θ~rec~ = 155° ± 10° on the fluorinated SU-8 micropillar arrays, θ~rec~ = 168° ± 2° on the methyl terminated nanofilaments, θ~rec~ = 176° ± 3° on the fluorinated nanofilaments, and θ~rec~ \< 10° on the plasma-activated nanofilaments. On all superhydrophobic surfaces, droplets of 6 μL volume rolled off when tilting the surface by less than 10°. The change of the surface chemistry after oxygen plasma treatment was confirmed by XPS ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)).

To investigate the adhesion of bacteria on the different surfaces, we proceeded as follows: The surfaces (1 cm × 1 cm) were fixed by double-side tapes onto a sterile chambered glass. Each surface was covered with a 4--5 mm thick layer of bacterial suspension, a mixture of the nutritionally rich cultivation medium and the green fluorescence protein (eGFP) expressing *E. coli*. The bacteria concentration varied between 1.0 × 10^8^ cells/mL and 1.2 × 10^8^ cells/mL. After 72 h of static incubation at 37 °C, the suspension was replaced by phosphate-buffered saline (PBS, 1 mL) for observation under a laser scanning confocal microscope under wet conditions ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). To enhance contrast, the *E. coli* bacteria (green) were labeled by exposure to [l]{.smallcaps}-Arabinose for expression of the green fluorescent protein. For the investigation by scanning electron microscopy (SEM), the samples were washed with PBS (phosphate-buffered saline) after incubation of 72 or 168 h. To ensure that proliferation and adhesion were not affected by nutrient depletion, we exchanged the culture medium daily ([Methods](#sec2){ref-type="other"}). After that, the adhered bacteria were fixated by adding a 2.5% (v/v) glutaraldehyde with PBS-based solution reagent for 30 min at room temperature. The fixative was removed by subsequently rinsing with phosphate buffer (PBS) and dried for SEM characterization to quantify the coverage of the surfaces with bacterial cells (see [Methods](#sec2){ref-type="other"} for a detailed discussion of incubation and characterization of the samples and analysis of the images, [Figures S2, S5, and S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). After 72 h of stationary incubation, the perfluorinated glass has been covered with several three-dimensional microcolonies revealed in the confocal microscopy and SEM images ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).

![Biofilm formation investigated by LSCM and SEM after 72 h of incubation at 37 °C. The bacterial suspension was incubated on the following surfaces: (a) fluorinated flat glass, (b) fluorinated micropillar array with 5 μm height and 7 μm of spacing and 13 μm of diameter (image shows the coverage with bacteria (green spots) close to the pillars' top surface (see [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf) for enlarged versions of the confocal images), (c) methyl-terminated nanofilaments (d) fluorinated nanofilaments, (e) fluorinated nanofilament coating where the air cushion was removed prior to incubation, and (f) plasma-activated nanofilament coating (some of the bacterial cells on the silicone nanofilaments in c--f are highlighted in yellow circles to enhance the contrast with the surface background) The *E. coli* were exposed to [l]{.smallcaps}-arabinose for expression of the green fluorescent protein, which can be excited at 488 nm. Scale bar of LSCM, 50 μm; scale bar of SEM, 10 μm.](am9b22621_0002){#fig2}

The fluorinated glass slides showed a large number of bacteria colonies separated by regions almost free of bacteria ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). On the superhydrophobic SU-8 micropillar arrays, the space between the pillars, their top faces, and the flat bottom surface are covered with individual bacteria and several microcolonies ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the focal plane corresponding to the top faces of the pillars, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). The presence of bacteria at the sidewalls and bottom surface demonstrates that the solution passed the Cassie-to-Wenzel transition. Notably, only sparse and isolated bacteria were observed on all surfaces coated with nanofilaments ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c--f, [Figure S4b--e](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)).

Bacterial adhesion was consistently found to be reduced by approximately 2 orders of magnitude on confocal and electron microscopy images. The confocal images have the advantage of a larger imaged area. However, it turned out to be difficult to work at a constant brightness, which depends on the roughness of the surface and the details of the experimental protocol. Small changes in the brightness greatly influenced the number of detected bacteria. Therefore, for the calculation of the percentage area covered by bacteria, typically, 12 SEM images per surface and incubation time were evaluated ([Methods](#sec2){ref-type="other"}). Areas consisting of bacteria were semiautomatically detected by manually setting a threshold, and subsequently, using the *AnalyzeParticles* Plugin in ImageJ/Fiji.^[@ref55]^ Bacteria recognition on nanofilament surfaces is more challenging compared to flat surfaces due to the inhomogeneous background. The threshold was chosen to yield the best consistency of recognized bacteria with visual inspection ([Figures S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). In the case of pillar substrates, the regions on top of the pillars as well as in-between pillars were evaluated, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![(a) Coverage area based on SEM images ([Table S2, Figures S4 and S8a](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)) of different surfaces after 72 h of incubation with *E. coli*. F-glass, fluorinated glass surfaces, F-pillar, superhydrophobic micropillar arrays, F-NF, fluorinated nanofilaments in the presence of an air cushion; F-NF (no-air), fully wetted fluorinated filaments; Me-NF, methyl-terminated nanofilaments; OH-NF, plasma-activated nanofilaments. The inset SEM image shows *E. coli* bacterial cells attached to a surface coated with nanofilaments ([Figure S8b](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). (b) Comparison of coverage of adhered bacteria on incubation duration for surfaces coated with nanofilaments showing different surface functionalities in the presence and absence of an air cushion. (c) Histogram based on the number of evaluated SEM images, showing the coverage on three surfaces: fluorinated glass, fully wetted fluorinated nanofilament-coated surface, and superhydrophilic nanofilament-coated surface (see also [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). The *y*-axis stands for the number of bacteria aggregates of a certain size.](am9b22621_0003){#fig3}

To gain insight into the long-term antibacterial effect of nanofilament-coated surfaces, the duration of static incubation was extended to 168 h ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, b). Even after more than doubled incubation times, the surface coverage on the fluorinated nanofilament-coated surfaces remained below 0.7% regardless of the existence of the air plastron. On OH-terminated nanofilament-coated surfaces, the bacterial coverage was even as low as 0.25%. In contrast, the surface coverage obtained on fluorinated glass (F-glass) reached 10.5 ± 8.6% after 168h of incubation, which is 2 orders of magnitude larger ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). These differences could be attributed to effects such as surface charge interactions with the bacterial cell membrane and surface free energy barriers. However, elucidating the mechanism is beyond the scope and the aim of this work.^[@ref62],[@ref63]^

Not only the average coverage but also the spatial distribution of the surface area covered with bacteria differ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). After 168 h of incubation, the coverage on the flat fluorinated glass surfaces varied between 1.4% and up to 40%. Thus, many areas were covered with large three-dimensional bacterial biofilms, [Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf). In contrast, on the nanofilament-coated surfaces---even after wetting by the bacterial solution---the coverage remained low, varying between 0 and 1%, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. Only isolated bacteria and no colonies are observed ([Figure S4b--e and Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). The variation in the coverage between different positions gives rise to the error bars in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, b.

SEM images provided detailed information on how bacteria adhere to the surface. It suffers, however, from the fact that the investigated areas are small and provide only local information. Therefore, we quantified bacterial adhesion using the Plate Count Agar (PCA) protocol ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, [Methods](#sec2){ref-type="other"}). Following incubation (168 h), after nonadherent (planktonic) bacteria were removed by rinsing in sterile phosphate-buffered saline (PBS 1X), adherent bacteria were removed by sonication followed by vortexing of the sample surface in 5 mL of sterile PBS. The recovered suspension was then serially diluted (dilution factor up to 1 × 10^4^), and aliquot volumes of 20 μL were spread onto LB agar plates in duplicates and subsequently incubated for 24 h at 37 °C. Image processing (Image/Fiji) and conversion yield the number of colony-forming units ([Methods](#sec2){ref-type="other"}). The results obtained at a dilution factor of 1 × 10^2^ are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.^[@ref64]−[@ref66]^

![CFU/mL of *E. coli* for differently treated surfaces. The sample surfaces were incubated for 168 h at 37 °C. The inset shows the CFU/mL for the surfaces coated with silicone nanofilaments at enlarged magnification. F-pillar: diameter = 13 μm, height = 5 μm, pillar--pillar distance = 20 μm. F-pillar 2: diameter = 5 μm, height = 5 μm, pillar--pillar distance = 10 μm. Six independent samples were prepared. Results, standard deviations, and statistical paired *t* test (95, 99, and 99.9% confidence levels) are calculated from independent experiments, using as calculated probabilities (*p*): \**p* \< 0.05; \*\**p* \< 0.01, and \*\*\**p* \< 0.001 as significant differences; ns corresponds to no difference. Asterisks denote comparison between F-glass, pillars, and all the nanofilament samples (main plot), whereas circles mark the comparison between OH-NF and the rest of the nanofilaments (inset).](am9b22621_0004){#fig4}

Analogous to our results obtained with SEM and LSCM ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), the largest number of adhered colonies was found on fluorinated pillars, followed by the flat fluorinated glass ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Again, the difference in the number of adhered colonies on all nanofilament-based coatings is 2 orders of magnitude lower compared to the flat fluorinated glass and the fluorinated pillar substrate. This also holds for pillars of smaller diameter (5 μm instead of 13 μm) and spacing (10 μm instead of 20 μm). At least three independent experiments were performed for each sample surface type ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)).

The small differences between the average coverage determined by SEM and CFU might be caused by the different protocols. The average coverage measured by SEM does not resolve the number of bacteria contributing to a biofilm. As soon as a biofilm formed, bacteria can lie on top of each other. The measurement of the colony-forming units takes each adhered bacterium into account. This led to the SEM images possibly slightly underestimating the ratio between the flat surfaces and the surfaces coated with nanofilaments.

To explore whether the nanofilaments are effective in delaying or preventing adhesion of other bacterial strains, we investigated spherical Gram-positive *Micrococcus luteus* ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and rod-shaped Gram-negative *Pseudomonas fluorescens* ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf)). After 72 h, all nanofilament-coated surfaces with fluorine, methyl, and hydroxyl groups showed low bacterial coverage, independent of the presence (F-NF, Me-NF) or absence (OH-NF) of an air cushion.

![SEM images after incubating with *Micrococcus luteus* a for 3 days: (a) fluorinated glass (F-glass), (b) fluorinated nanofilament coating (F-NF), (c) methyl-terminated nanofilament (Me-NF), and (d) plasma-activated nanofilament (OH-NF). Scale bar, 10 μm; scale bar of inset SEM image, 1 μm.](am9b22621_0005){#fig5}

Conclusion {#sec4}
==========

The design of nanofilament coatings with different surface wettability and modification supports the hypothesis of the importance of the 3D topography and the length scales of the coating. The spacing between the irregularly arranged nanofilaments (approximately 0.2--1 μm) falls just below the size of bacteria cells (approximately 1 to 5 μm in length). This has several advantages: first, the spacing is sufficiently small that the stiff bacteria cannot fit in-between the filaments. Second, the spacing is sufficiently large to greatly reduce the number of possible adhesion points for the bacteria. The effective anchoring area is further reduced by the local curvature of the filaments. In that respect, our surfaces differ from surfaces possessing a nanoroughness, which often leads to an increase of the effective anchoring area. The presented strategy suppresses the adhesion of bacteria but does not release biocides. Superhydrophobic surfaces can delay bacteria adhesion if their 3D topography and the characteristic length scales fit the above criteria. Notably, the presence of an air plastron is of minor importance for the tested surfaces. Once the surface structure has been designed based on the above principles, the antibiofouling properties of the coating can be further optimized by tethering polymer films or brushes possessing fouling-resistant, fouling release or antimicrobial properties. We envision applications in coating water tubes, medical tubing such as catheters, or materials used in hospitals where no biocides shall be released.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.9b22621](https://pubs.acs.org/doi/10.1021/acsami.9b22621?goto=supporting-info).Bacterial adhesion information, XPS spectra, enlarged versions of confocal images, LSCM images, SEM images, histograms, table of bacterial cell coverage analysis, table of number of elevated SEM images, and table of PCA protocol results ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22621/suppl_file/am9b22621_si_001.pdf))

Supplementary Material
======================

###### 

am9b22621_si_001.pdf

^†^ N.E. and C.-Y.Y. contributed equally to this work. The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

The authors declare no competing financial interest.

This work was supported by the Marie Skłodowska-Curie fellowship 660523-NoBios-ESR (N.E.), the DAAD-MoST sandwich scholarship program (C.-Y.Y.), the ERC advanced grant 340391 -- SUPRO (H.-J.B), the Collaborative Research Center 1194 (H.-J.B., F.G.) and the European Union's Horizon 2020 research and innovation program LubISS No 722497 (D.V., P.B.). G. Schäfer and G. Glasser are acknowledged for technical support.

SU-8

:   epoxy-based photoresist

F-glass

:   fluorinated flat glass

F-pillar

:   fluorinated micropillar structure

F-NF

:   perfluorinated nanofilaments

Me-NF

:   superhydrophobic methyl-terminated nanofilaments

OH-NF

:   superhydrophilic oxygen plasma activated methyl-terminated nanofilaments

LSCM

:   laser scanning confocal microscopy

SEM

:   scanning electron microscopy

PBS

:   phosphate-buffered saline solution

CFU

:   colony forming unit

PCA

:   plate count agar
